Cardiac resynchronization therapy (CRT) is currently an established device therapy for heart failure (HF) patients. Cumulated knowledge on the pathophysiological mechanisms, implantation techniques, advancement of device-based technologies, and clinical trial experience has impacted on this evolving therapy significantly in the last few years. This article will address the updated CRT guideline and potentially new indications of CRT such as patients with New York Heart Association Class I, normal QRS duration, and non-HF patients with pacing indications. Furthermore, important but unresolved issues will also be discussed which include the impact of QRS morphology and QRS duration on CRT response, new approaches for placement of left ventricular (LV) lead, multisite LV pacing, and the role of HF disease monitoring program.
Introduction
With the adoption of guidelines for cardiac resynchronization therapy (CRT) for heart failure (HF) patients since early of the millennium, a plethora of research in the field continues which has addressed many important aspects of the therapy. As a result of the research work, the mechanisms that mediated the benefits of CRT are revealed ( Figure 1) . Furthermore, some researchers have contributed to the core knowledge of updated guidelines, while others have provided practical information on how to improve the quality and treatment efficacy for patients receiving CRT, or quest for evolving or new treatment indications by the use of CRT. The current article has summarized these issues based on key research discoveries or results in the last few years ( Table 1) .
Updated cardiac resynchronization therapy guidelines
The European Society of Cardiology (ESC) published a focused update of device guidelines for patients with HF based on findings from more recent clinical trials. 1 For patients with New York
Heart Association (NYHA) Class III/IV HF, the updated guidelines specify that left ventricular (LV) dilatation is no longer a requirement, Class IV patients should be ambulatory, and patients should have a reasonable expectation of survival for at least .6 months with good functional status. For cardiac resynchronization therapydefibrillator (CRT-D) implantation, patients should have a reasonable expectation of survival for 1 year. The document also notes that outcomes are best for patients with a typical left bundle branch block (LBBB) and there is a similar level of evidence for both cardiac resynchronization therapy-pacemaker and CRT-D.
With additional findings from MADIT-CRT and REVERSE (see below), both of which demonstrated reduced HF morbidity, a new recommendation was made for patients with NYHA functional Class II HF. In Class II patients with left ventricular ejection fraction (LVEF) , 35% and QRS width ≥150 ms, CRT, specified as preferentially CRT-D, is a Class I A indication. It is worth to mention that for all the three key studies involved less severe HF symptoms (MADIT-CRT, REVERSE, and RAFT), patients with a QRS duration between 120 and 150 ms did not benefit from CRT-D. This might not be attributable to the milder symptoms per se as a recent meta-analysis also did not confirm the benefit of CRT in this sub-population. 2 Recommendations for patients with chronic atrial fibrillation were further defined in the update. For patients with functional Class III/IV HF, QRS ≥ 130 ms and LVEF , 35%, the indication remains Class IIA. However, a distinction is made that if the patient is pacemaker dependent following atrioventricular (AV) nodal ablation, the level of evidence is 'B' and if the patient requires pacing because of a slow ventricular rate resulting in frequent pacing, the level of evidence is 'C'.
For those patients with HF and a Class I indication for a permanent pacemaker as established by earlier guidelines, 3 
Future or new indications for cardiac resynchronization therapy
Cardiac resynchronization therapy in NYHA functional Class I heart failure
As noted in the 'guidelines' section, MADIT-CRT 5 and REVERSE 6 have added significantly to our knowledge regarding CRT outcomes in patients with less severe clinical symptoms. Both studies demonstrated reduced HF morbidity with CRT and it should be noted that the patient population in both was largely Class II patients. Class I patients accounted for 18% of the REVERSE population and 15% of the MADIT-CRT population.
No definite outcome advantages in Class I patients were appreciated in these trials. In both trials, improvement was seen primarily in patients with QRS ≥150 ms. (The mean QRS width was 150 ms in ischemic patients and 157 ms in non-ischemic patients in REVERSE and 156 ms in MADIT-CRT.
)
A subsequent post hoc analysis of MADIT-CRT compared patients with LBBB to patients with a non-LBBB QRS morphology. 8 This study demonstrated that NYHA Class I patients with an ischemic aetiology and NYHA Class II patients, regardless of aetiology, and LVEF ≤30% had significant benefit from CRT-D (53% risk reduction in HF event or death compared with implantable cardioverter defibrillator (ICD) only) whereas no evidence of clinical benefit was seen in patients with a non-LBBB QRS morphology.
As a result of this analysis, 8 the FDA issued a labelling change that would apply to specific CRT-D devices approved for use in patients with LBBB and QRS ≥130 ms, LVEF ≤30% (instead of ,35%) and mild (NYHA Class II) ischemic or non-ischemic HF or asymptomatic (NYHA Class I) ischemic HF.
9
Heart failure with narrow QRS and co-existing systolic dyssynchrony
The concept of considering CRT for patients with narrow QRS complex (defined as QRS duration ,120 ms) was originated from the observation that systolic dyssynchrony is present in patients with narrow QRS complex with a prevalence of up to 50% when assessed by echocardiography. 10 This stimulated the conduction of single center studies which showed improvement of systolic function, functional status, and LV reverse remodelling in patients with narrow QRS complex and coexisting systolic dyssynchrony. 11, 12 However, in the RETHINQ study which had a randomized, controlled and multicenter design of 172 patients did not confirm the beneficial role of CRT in such population. 13 This study was criticized by the use of technically difficult primary endpoint of maximal VO 2 , the use of dyssynchrony parameters of low specificity, and issues related to training and use of echocardiographic equipment leading to the question about the accuracy of dyssynchrony measurement. 14 The Echocardiography Guided Cardiac Resynchronization Therapy trial in patients with narrow QRS and ventricular dyssynchrony (ECHO-CRT) study is underway to examine whether dyssynchrony-guided CRT-D will improve cardiovascular outcome in this population (http://clinicaltrials.gov/show/NCT00683696).
It is important to note that based on available data, current guidelines do not consider patients with narrow QRS complex for CRT.
Non-heart failure patients with bradycardia pacing indications
In patients with pacing indications due to bradycardia, it has well been reported that there is an increased risk of developing HF over time. 15 Such risk presents in patients with both preserved and impaired systolic function. 15, 16 In conventional approach, the ventricular lead is placed to the right ventricular apex. It has been described subsequently that right ventricular apical (RVA) pacing may induce systolic dyssynchrony as a result of pacing-induced LBBB, 17 which exerts deleterious effect on LV function and remodelling. 18 In order to reduce the risk of HF in the pacing population, new modalities of pacing therapy have been suggested which include the use of specific pacing algorithm to minimize the amount of right ventricular pacing 19 and the use of alternative ventricular pacing site other than RVA pacing. While the former is applicable to patients with sinus node dysfunction, the latter is particularly important for patients with advanced atrioventricular block that rely on frequent ventricular pacing. Apart from right ventricular septal and outflow track pacing, the use of biventricular pacing is a potential alternative. Early experience of using biventricular pacing in bradycardia patients was conducted to patients with persistent atrial fibrillation who received atrioventricular node ablation and permanent pacing. In the PAVE study, 184 patients with a mean EF of 46 + 16% were randomized into RVA and biventricular pacing showed a superiority of biventricular pacing on preventing the reduction in EF and 6 min hall-walk distance after 6 months. 20 In the recently published Ablate and Pace in Atrial Fibrillation (APAF) study, 186 patients with permanent atrial fibrillation who underwent AV nodal ablation were randomized to receive CRT or RVA pacing. During a mean follow-up of 20 months, CRT resulted in a significantly lower primary composite endpoint of death from HF, hospitalization due to HF, or worsening HF (11 vs. 26%, P ¼ 0.005). 21 The beneficial effects of CRT were consistent in patients who had EF ≤35%, NYHA Class ≥III, and QRS width ≥120 and in those who did not. The PACE study was the first randomized, controlled, multicenter trial of patients with normal systolic function (mean EF of 61.9 + 6.7%), receiving pacing for bradycardia indications which showed that biventricular pacing compared with RVA pacing could prevent adverse LV remodelling and reduction in EF at 12 and 24 months. 22, 23 However, the remodelling effects of conventional pacing vs. CRT in patients without HF are of yet unknown significance and that it is unclear at present whether the more difficult implant procedure and potentially higher complication rate associated with the biventricular device is justified. Currently, the BIOPACE study is ongoing which will examine whether biventricular pacing is superior to RVA pacing in reducing the primary endpoints of survival, quality of life, and a 6 min hall walk distance at 24 months. 24 QRS morphology and duration: patients with non-left bundle branch block and QRS <150ms
QRS morphology
Large clinical trials were conducted with HF patients with wide QRS complexes irrespective of QRS morphology. From a mechanical perspective, patients with a complete LBBB will have a more severe form of LV electrical delay leading to significant electromechanical coupling delay. On the other hand, patients with right bundle branch block (RBBB) might have minimal electrical or electromechanical delay in the LV unless left fascicular hemiblock is present. 25 In addition, patients with intraventricular delay (IVCD) or incomplete BBB which typically have a QRS duration between 120 and 150 ms will have less severe intraventricular dyssynchrony than those with complete LBBB. 26 Nonetheless, a study that employed electroanatomical mapping to determine the pattern of electrical conduction showed that electrical delay is not uncommon in patients with RBBB, which supports the use of CRT in such patient group. 27 In a large, single center CRT registry that included 636 patients (LBBB in 412, RBBB in 62, and paced QRS in 162 patients), it was shown that patients with LBBB had a significantly higher prevalence of symptomatic and echocardiographic response as well as lower transplantation-free mortality than those with RBBB. 28 In an analysis of pooled data from the MIRACLE and CONTAK-CD trials that had consisted of 61 patients with RBBB (34 patients received CRT and 27 controls), there was no objective evidence of improvement in symptoms, 6 min hall-walk distance or quality of life score at 6 months. 29 Similarly, in the CRT population with NYHA class II symptoms, pre-defined subgroup analysis from both MADIT-CRT and RAFT trials revealed that primary endpoint of HF event-free survival was only significantly reduced in patients with LBBB, but not in those with RBBB or IVCD. 8, 30 Although current guidelines only based on QRS duration as the selection criteria for CRT, more effort should be attempted to identify those patients with non-LBBB morphology in whom significant dyssynchrony is present.
QRS duration
Optimal QRS duration for CRT candidates remains somewhat controversial. Although some of the earliest clinical trials required QRS duration of ≥150 ms, the evidence base primarily consists of Class III to ambulatory class IV patients with QRS duration of .120 to 130 ms. While it seems reasonable to continue the more inclusive QRS duration of ≥120 ms for patients that are more ill, i.e. Class III to ambulatory Class IV, outcomes from REVERSE, MADIT-CRT, and RAFT support more restrictive selection for Class II patients based on the observation that CRT only benefit patients with QRS duration ≥150 ms, but not those ,150 ms.
5,30
Although guidelines may appropriately allow a more generous range for QRS criteria, based on these more recent trials the clinician can be more optimistic about achieving a response to CRT in those patients with QRS ≥ 150 ms. Based on the MADIT-CRT sub-study showing that CRT response was seen primarily in patients with LBBB, requiring a longer QRS duration (≥150 ms) definitely seems reasonable in those patients for whom CRT is considered when a non-LBBB morphology is present. 8 The most recently published 'ESC Guidelines For The Diagnosis And Treatment Of Acute And Chronic Heart Failure 2012' 31 based on MADIT-CRT, REVERSE, and RAFT trials recommend that for patients with milder symptoms, CRT is recommended only in those with either a QRS duration ≥150 ms or ≥130 ms plus an LBBB pattern. Furthermore, in a recent meta-analysis that included 6501 patients with mild to severe HF patients based on current guideline (4437 with QRS ≥150 ms and 2064 with QRS ,150 ms), CRT significantly decreased the primary endpoint of death or hospitalization for HF in patients with QRS ≥150 ms (HR ¼ 0.58, 95% CI: 0.50-0.68; P , 0.00001), but not in patients with QRS ,150 ms (HR ¼ 0.95, 95% CI: 0.83-1.10; P ¼ 0.51). 2 In fact, lack of endpoint benefit was consistently observed in both NYHA class III/IV and NYHA class II patients. 2 Given the limited clinical trial data available in Class I patients, questions remain as to when CRT should be offered. Although this should be better defined by ongoing studies such as BioPace, it is reasonable to apply the ≥150 ms QRS duration in such patients until more data are available.
Left ventricular lead-related issues Left ventricular lead location
Although the overall responder rate has seen some improvement since the early use of CRT, it is still suboptimal. One issue that has been shown to contribute to a lack of response to CRT is inadequate LV lead location. In one study that assessed reasons for lack of CRT response, suboptimal LV lead position was implicated in 21% of patients. 32 Controversy persists with anterior positioning of the LV lead having been shown to be a predictor of non-response in one study 33 although in a sub-study from MADIT-CRT only apical but not anterior positioning predicted a lower response to CRT. 34 General wisdom continues to be that in patients with a nonischemic aetiology, a lateral LV lead position is a reasonable position for many patients and in those with ischemic aetiology knowledge of LV viability and contraction patterns helps optimize LV lead position.
There has long been interest in LV endocardial pacing as a method theoretically advantageous to coronary sinus epicardial lead positioning for CRT. 35 Initial concerns were raised related to the potential for thromboembolic events in patients with hardware placed in the systemic circulation. However, the experience is growing with LV endocardial stimulation via multiple approaches. The majority of the experience with LV endocardial lead positioning has been done by transseptal approach. 36, 37 Apical lead positioning has also been accomplished. 38 Four trials are registered at www.clinicaltrials.gov which are assessing the feasibility and potential advantages of LV endocardial pacing. One study aims to assess acute hemodynamics of LV endocardial pacing [Endocardial Pacing in On- 
Multisite left ventricular pacing
Currently only one LV lead is implanted to achieve resynchronization of the ventricle(s). However, in HF patients with enlarged LV and ventricular conduction delay, true multisite pacing with a second LV lead placed in a location distant from the first one may further abbreviate LV conduction time and hence further reduce mechanical dyssynchrony. The potential superiority of placing two LV leads than a single LV lead was suggested by a study compared with a historical cohort of conventional CRT implantation 40 and another small randomized study that compared the two pacing strategies in patients with atrial fibrillation. 41 These two studies observed a greater improvement of EF for patients implanted with two LV leads. 40, 41 There are two ongoing randomized, single-center clinical trials that examined the role of dual-site LV leads when compared with a single LV lead. The Dual Site Left Ventricular Pacing (DIVA) study will enrol 50 patients with the primary endpoint of change in LVESV at 6 months, and the 'TripleSite Versus Standard Cardiac Resynchronization Therapy' (TRUST CRT) study that will enrol 100 patients with the primary objective of evaluating the 6-month's combined endpoint of alive status, freedom from hospitalization for HF or heart transplantation, change in EF, and functional capacity. 42 
Imaging guided placement of left ventricular lead
With the advancement of comprehensive cardiac imaging, studies have been conducted to explore the role of imaging to guide placement of the ventricular leads, especially the LV lead. Although preimplant cardiac magnetic resonance imaging (cMRI) is still uncommon in most practices, studies have shown the potential benefit of pre-implant cMRI to determine optimal LV lead position in ischemic cardiomyopathy, in particular the scar burden and distribution. 43 -46 Also, placing the LV lead in the posterolateral wall with a transmural scar tissue as evident by cMRI will substantially reduce the response to CRT. 47 Whether the LV lead shall be placed in the segment exhibited most severe mechanical delay remains controversial. 48 -50 The TARGET trial is the first randomized study that compared echocardiographic-guided implantation of the LV lead at the most delayed segment of the free wall vs. conventional approach showed that the former strategy would result in greater extent of LV reverse remodelling and volumetric responders as well as lower HF hospitalization, although there is no difference in all-cause mortality. Of note, all these studies were single center in design. 51 Practical issues remain to be resolved for imaging-guided approach, such as where to place the LV lead if the latest contraction occurs at the segment with low strain. Furthermore, even the segment with most severe mechanical delay is being mapped, whether there is a sizable coronary vein for placement of LV lead is another practical limitation, unless epicardial or endocardial approaches are being considered.
Non-responders of cardiac resynchronization therapy
About one-third of patients currently do not respond to CRT clinically based on the current guideline, and more than 40% do not show LV reverse remodelling response. However, some patients might potentially be responders if managed properly. 32 Figure 2 suggested the algorithm of managing CRT non-responders. Figure 2 Clinical approach to cardiac resynchronization therapy non-responder.
Although echocardiographic assessment of dyssynchrony has been shown to predict CRT response in studies preformed in experienced center, it was unable to be replicated in multicenter trials.
This complex issue has been discussed elsewhere recently. 52 However, dyssynchrony assessment remains helpful in illustrating the mechanisms of CRT benefit, potentially in assisting patient 
Remote monitoring and device-based disease management
Remote monitoring (RM) has been widely embraced in the USA and Europe. In the USA, there are now over 800 000 patients actively monitored by the RM network. There are many potential benefits of remote patient monitoring beyond the obvious convenience and security of being able to download detailed stored information of an event. Although RM is not limited to CRT, the subject of this review, the growing body of literature regarding RM for all implantable cardiac devices is germane given overlap of devices and overlap of data collected that currently is or could be remotely transmitted. When RM was introduced, and to some extent this persists, there was concern that patients and caregivers would not be satisfied with RM because they would lose the advantage of a face-to-face visit. Multiple studies have shown that both patients and caregivers are satisfied with RM both in terms of its ease of use and remaining connected to the follow-up center. 53 In some situations, specifically following an advisory or recall, patients have expressed a preference for RM in terms of psychological wellbeing, feeling as though there is a better chance of diagnosing a problem should it occur.
Advantages of RM for pacemakers, ICDs, and CRT devices have been demonstrated in randomized clinical trials. In the CONNECT trial, 54 resource utilization was shown to be lower with RM with the observed rate of total clinic visits per patient year was 3.92 in the RM group as opposed to 6.27 for the group monitored in-office. Remote monitoring also has the potential to detect clinical abnormalities that would potentially be detected later or missed by less frequent in-office visits in the absence of regular RM data assessment. In the TRUST trial (n ¼ 1333), RM detected ICD system related problems earlier, detected by RM at a median of 1 day vs. 5 days for the control (non-RM) group. 55 Overall, the study detected 20 device-related problems that required surgical revision and 15 of these were detected by RM and only 5 in their control group. 55 In the PREFER trial 56 which assessed pacemakers only, the mean time to the diagnosis of the first clinical event that required clinical action occurred at 5.7 months in the RM arm of the study and at 7.7 months in the control group. Perhaps as a result of earlier detection of clinical problems, resulting hospitalizations may be shorter in patients enrolled in a RM system. In the CONNECT trial which evaluated 1997 patients with ICDs and CRT-D devices, the RM arm of the trial had significantly shorter hospitalization length of stays than those patient's followed in the clinic (P ¼ 0.002). 54 There is trial data to support more rapid clinical decision making as a result of RM. In the CONNECT trial, 54 the time from a clinically significant event to making a clinical decision in the RM arm was significantly shorter than in the 'in-office' arm (P , 0.001), and the median time in the RM arm was 4.6 days vs. 22 days in the in-office arm. Analyses of large numbers of patients enrolled in RM are providing useful data from large-scale registries offering an insight into real-world outcomes. For example, data from LATITUDE and CARELINK RM networks have demonstrated long-term survival benefits of RM as well as insights into clinical management of patients with implanted cardiac devices. 57 A recent study of 377 patients with CRT-D devices capable of daily transmission of their diagnostic data evaluated an automated algorithm for dynamically predicting cardiovascular events. This algorithm and potentially others that incorporate additional physiological parameters data for which transmitted RM data are sparse have the potential to improve quality of life and reduce morbidity and mortality. 58 
Conclusion
With cumulated knowledge and clinical trial experience in the last decade, the management of HF patients by CRT is rapidly evolving. Apart from updates in treatment guideline, a large number of current trials are ongoing to address unresolved issues of CRT. These concerted efforts will shape the future of HF device therapy leading to a boarder spectrum of patient selection, a high implantation success rate as well as better treatment response.
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